Heritability and within-person repeatability of thirteen constituents of plasma were assessed in a study of 206 pairs of male and female twins. Repeat measurements were available on 44 pairs. For bilirubin, calcium, creatinine, phosphate and potassium, the individuality of these characteristics was genetic in origin. Total protein, albumin and globulin showed significant heritability but considerable variation between occasions, while bicarbonate, chloride, iron, sodium and urea showed mainly environmental effects.
The inheritance of quantitative biochemical characteristics is relevant to clinical biochemistry for two reasons. Firstly, it has a bearing on the definition of reference ranges for individuals rather than populations. Secondly, many of the variables studied are of physiological as well as diagnostic importance and the differences between people and the inheritance of these differences are of interest.
Several studies have been carried out on the maintenance of differences in the composition of plasma between individuals.l' There could be at least three different sources of this variation; these may be either genetic or environmental. Genetic variance probably involves the additive effects of several genes since variation is continuous and there is no evidence of the modality we should expect if only one or two factors are segregating. Environmental causes in turn can be divided into the persisting effects of prenatal, neonatal, or childhood experiences shared by members of a family, and the environmental influences unique to each person and not shared within families. These last can contribute to biochemical individuality if they are constant for a person over time.
These three sources of variation can be distinguished by studies on monozygotic (MZ) and dizygotic (DZ) twin pairs, if certain assumptions are made. Unfortunately many twin studies suffer from inadequate numbers of subjects and consequently cannot estimate parameters such as heritability with any reason-able degree of accuracy. 4 The largest twin study of biochemical variables' arose from a study of coronary heart disease risk factors and was confined to middle-aged men. Because age and sex could influence the relative contributions of genetic and environmental factors we have carried out a study on young adult male and female twins. This paper reports on thirteen plasma biochemical measurements, of which three in particular (bilirubin, calcium, and potassium) show some interesting genetic features, while others (bicarbonate, chloride, globulin, iron, and sodium) appear to be affected by shared environmental factors.
Subjects and methods
Two hundred and six pairs of MZ and DZ twins aged between 18 and 34 years (mean 23,1) were recruited from the Australian NH & MRC Twin Registry for a study of alcohol metabolism and susceptibility to intoxication. b Both members of a pair attended on the same day. Of these twins 87 individuals (48 men, 39 women) attended on a second occasion from 1 to 17 months later (mean 4·5 months) and' the results from these are used to assess medium-term repeatability of the measurements within an individual.
Blood was taken at about 10 a.m. into a heparin tube, centrifuged within 2 hours, and stored at 4°C for up to 48 hours. The following tests were performed on a Technicon SMAC analyser: albumin, bicarbonate, bilirubin (total), calcium, chloride, creatinine, iron, phosphate, potassium, protein (total), sodium and urea. Plasma globulin was calculated as the difference between the total protein and albumin. The analytical methods remained the same for the 2 years of the study.
All twins. were typed with 15 blood group antisera and for aI-antitrypsin. Twins were diagnosed as DZ on the basis of a difference in sex, at least one marker locus or, in a few cases large differences in height, colouring and other morphological features. In remaining cases of doubtful zygosity several more genetic markers were typed. It is possible, however, that there were a few pairs assigned to the MZ group who on still further typing would prove to be DZ.
Of the 206 twin pairs for whom measurements were available, there were 43 MZ female, 44 DZ female, 42 MZ male, 38 DZ male and 39 DZ pairs of opposite sex (DZOS). There were no substantial differences in age distribution between the five zygosity groups, and no significant differences in means' or variances between MZ and DZ pairs of the same sex.
The frequency distribution of each measurement was examined to see if deviations from Gaussian distributions occurred; only bilirubin showed a highly skewed distribution and a 10glO transformation was performed. Since this study is concerned with normal subjects, it was thought justifiable to exclude a few results which appeared to be outliers, as shown in Table 1 .
The presence of significant differences between individuals was tested by calculating the within-person (s,:) and between-person (s~) components of variance on the 87 people who attended on two occasions. The ratio of between-person to total variance, s;t(s,: + s~)
is the intraclass correlation and is a measure of the degree of repeatable difference between people, or individuality.
The within-pair and between-pair mean squares for each of the five twin groups were calculated and a series of models of genetic and environmental contributions to total population variance was fitted to these using an iterative weighted least-square procedure. 7 Possible sources of variance included in the models are;
VA, additive genetic variance; £2, variance due to environmental effects such as dietary habits which are shared by both twins of a pair but differing between pairs, and £j, variance due to environmental effects unique to each individual. The simplest model, that only £1 effects contribute, is tested first and if it is rejected more complex models, £1£2 and £1 VA' are fitted to the mean squares to test whether the between-pairs variance can be adequately explained by either family environment effects or additive genetic variance. The fit of alternative models is assessed by the chi-square criterion.
If one of these two parameter models is rejected and the other is not, the latter is accepted; otherwise a three-parameter model with contributions from E 1E2 and VA is required. This procedure leads to a preferred model, estimates of the variance attributable to each source, and a test of the significance of each.
Results
Inspection of the frequency distributions led to the exclusion of a small number of results which appeared to be outliers. The greatest number of subjects excluded was for albumin (3'2%), with 2·9% excluded for chloride, 1-5% for phosphate and urea, and 0·5% for sodium. One result was missing for calcium. The means and variance for men and women after exclusion of outliers are shown in Table 1 and it will be seen that significant sex differences in means were found for ten of the variables but there were no significant differences between the sexes in the variances.
The within-person and between-person components of variance, calculated from the subsample who attended twice, are shown in Table  2 . The values were calculated separately for men and women and the intraclass correlations tend to be lower in the women, either because the within-person variance is greater or the between-person variance is less, or both.
The within-pair and between-pair mean squares for each of the five twin groups, with their associated degrees of freedom, are shown in Table 3 . These are the statistics to which models of variation have been fitted. The results of the preferred model for each variable are summarised in Table 4 but more detailed results, showing the tests of goodness-of-fit for all models tested, can be obtained by writing to the authors. The heritability estimate is the proportion of variance explained by additive
Estimates of analytical error variance, derived from performance summaries of the Wellcome Quality Control Programme over the relevant period, are shown in Table 5 . These were calculated by taking the mean of four values for precision for each variable. For some of the analytes, notably bilirubin, creatinine and urea, the concentrations in the quality control materials were frequently above those found in the twins' plasma samples and the estimate of analytical error may be inappropriately high.
Discussion
The results for each of the thirteen variables will be discussed in tum, followed by more general discussion and conclusions. ALBUMIN Models not containing a genetic term are 
·P<0·05. ··P<O·OI. ···P<O·OOI. NS: P>0·05. ..... 
··P<O·OOl. ···P<O·OOl. NS: P>0·05. less than the within-individuals variance from the repeat study suggests that the repeating individuals may have been atypically variable in their albumin levels, or perhaps that plasma albumin in both members of a pair may be affected by seasonal and climatic conditions.
BICARBONATE
The results for bicarbonate indicate a strong shared environmental effect, which is unexpected. This may, however, be due to shared environment of the samples after collection rather than of the subjects themselves, as the pairs of twins attended together on a single day while the entire study extended over many occasions. Conditions of storage (which are especially likely to affect bicarbonate measurement), and between-batch imprecision, probably form the basis of the apparent E 2 effect, particularly because the E 1 estimate is small but the repeatability of bicarbonate in the same person on different occasions was low. The V A estimate is nevertheless significantly different from zero so inheritance may have a small effect on plasma bicarbonate. BILIRUBIN Two approaches to the bilirubin data are possible; either to consider the sexes separately because their means and variances differ, in which case the untransformed data can be used, or to use log-transformed data and construct a common model for both sexes. The latter makes fuller use of the data and is theoretically preferable but in some ways the two approaches lead to the same conclusions. If untransformed data are used, both men and women show a heritability around 80% (0,81 ± 0·05 for men, 0·78 ± 0·05 for women) but both the £1 and V A components of variance are three times greater in men, as would be expected from the original frequency distributions. The log transformation allows combination of male and female data by reducing the differences between their total variances and including DZ opposite-sex pairs, and leads to a heritability estimate of 0·71 ± 0·05.
The repeatability is much lower in women than would be expected from the heritability estimate, and it is lower than in men both because of lower between-person and greater within-person variation.
Although none of the subjects had bilirubin levels high enough to cause visible jaundice, a high proportion had slight increases. Thirty-five men (18%) had a bilirubin above 20 IJ.moVI, while this occurred in only five women (2%). These people are intermediate between the usual 'normal range' and visible jaundice, and might be classified as having Gilbert's syndrome. The inheritance of this condition has been difficult to reconcile with Mendelian dominant or recessive inheritance in family studies" but regarding these individuals as lying at one extreme of a continuous distribution generated in part by polygenic variation is an explanation which is more consistent with our data.
The sex difference in bilirubin levels has been a consistent finding in many studies, but the explanation is not known; presumably there are sex-dependent differences in bilirubin uptake or conjugation by the liver.
CALCIUM
The plasma total calcium shows significant heritability and no shared environmental effect. The repeatability within individuals is compatible with the heritability at around 50%.
Plasma total calcium levels are to some extent dependent on protein or albumin levels, both of which show genetic variation in this study. However we cannot be sure if this link is the cause of the apparent heritability of calcium, or if ionised calcium must also be considered. In the latter case, the sensitivity of the parathyroid to plasma ionised calcium would have to show genetic variation.
There appears to be a link between plasma total calcium and blood pressure," which is itself in part an inherited characteristic, but which is cause and which effect is at present unknown.
CHLORIDE
It proved necessary to consider only those subjects with chloride of 98-112 mmol/l to obtain an acceptable fit for any model; there is no evidence for any genetic variation and it seems likely that the shared environmental component reflects either climatic differences between occasions (remembering that both members of a twin pair attended on the same day) or between-batch imprecision. CREATININE All three sources of variation appear to affect plasma creatinine, but the £2 component is small and does not reach statistical significance. The heritability is 0·47, which is slightly less than the repeatability. Because creatinine is derived from muscle creatine, body build is probably the major source of the genetic effect on creatinine, but genetic effects on glomerular filtration rate might also exist. GLOBULIN The measurement of plasma globulin is subject to greater uncertainty because it is measured indirectly, as the difference between total protein and albumin. The variation between occasions in the same person is considerable (Table  2) but there appear to be significant genetic and shared environmental effects (Table 4 ). If true, this would mean that a pair of twins are more similar to each other on a single day than a person is to himself on two different occasions, which is possible but seems rather unlikely. Unfortunately there appear to be no other studies on the within-individual repeatability of plasma globulin with which to compare our repeatability results, which might be unreliable because of the comparatively small number of subjects.
The plasma immunoglobulin concentrations, which make up a major part of the globulins, have been shown to be under some degree of genetic control. 1U
IRON
There is significant individuality for plasma iron in men but not women. The blood samples were all taken at the same time of day, so this source of variation is eliminated; but recent food intake was not standardised, and in women variation related to the menstrual cycle!' would also tend to reduce the repeatability.
Therefore the failure to demonstrate significant genetic or shared environmental effects is not surprising, and a combination of analytical and (more importantly) temporal variation, reflected in the £1 estimate, accounts for about two-thirds of the variance. PHOSPHATE Repeatability and heritability are each slightly greater than 50% for phosphate. Others have favoured an environmental explanation for differences in plasma phosphate.P but this is not supported by our results.
POTASSIUM
Results for plasma potassium indicate that there are significant genetically determined differences between individuals. The £1VA model gave a good fit to the data and the addition of the shared environment parameter (£2) to the model gave no improvement in fit and produced a negative estimate for the £2 variance component. The repeatability estimate is also consistent with the heritability, and with a previous estimate/ of the individual nature of plasma potassium.
One previous study on renal sodium and potassium handling in twins found a genetic effect on plasma potassium but only after sodium loading, not in the normal state. However their number of subjects was less (55 pairs), so an effect might have existed before the sodium load without reaching significance.
Plasma potassium is probably a poor indicator of whole body potassium, at least in disease13 and so the genetic difference between individuals is more likely to be in the balance between cellular and extracellular potassium and/or renal tubular reabsorption. Several groups have claimed to show differences between people in cell membrane sodium! potassium transport'? although the results, using various different assay systems, are rather inconsistent. PROTEIN The plasma total protein concentration appears to be heritable but, as with albumin, the repeatability between occasions is less than would be expected. Genetic effects are probably present but our estimate of h 2 (0·62) must be regarded as tentative.
SODIUM
The model containmg all three sources of variation provides the best fit to the data for sodium, with genetic factors of only marginal significance. Analytical variation, both within and between occasions, together with possible climatic effects between occasions, probably accounts for most of the variation. Other workers have also found very little individuality for plasma sodium.f UREA No genetic variation could be demonstrated for urea concentration, but a significant shared environmental effect was present. Its magnitude was similar to the repeatability.
This result may be contrasted with the other measure of renal function, creatinine. Urea is strongly affected by the protein content of the diet, so this may be the source of the shared environment effect. GENERAL We are not aware of any previous study on these biochemical variables which measured both heritability and repeatability. In several cases, these two conflict, since the repeatability should always be equal to or greater than the heritability. IS Previous measurements of repeatability have not distinguished between men and women, and it is important to do so when the mean values of the two sexes differ because sex confers its own individuality (or, more formally, inflates the between-individuals component of variance).
Recalculation of the results of Pickup et al., 1 who studied only men, showed results very similar to ours. Of the variables reported in both their study and this paper, phosphate showed the greatest 'individuality' and sodium the least. The only notable difference is in that study the within-person repeatability of both total protein and albumin is greater than our results would indicate; this may well be due to the greater ambient temperature range in Sydney than in London.
Just as heritability should logically be no greater than the repeatability, the analytical error variances should be less than the withinperson component of variance fo~nd from the repeat subjects. Comparison of Tables 2 and 5 shows that this is indeed so, except for chloride and creatinine; in the latter case inclusion of quality control samples with high creatinines will have increased the analytical error estimate.
Twin study: inheritance of plasma constituents 183 Analytical errors are also relevant to the shared environmental effects (£2) found for bicarbonate, chloride, creatinine, globulin, iron, sodium and urea. Since samples from the two members of a twin pair were analysed in the same batch, and within-run imprecision is normally less than between-run imprecision, these £2 effects are probably in part artefacts caused by tire shared analytical, rather than the shared human environment. A true £2 effect probably exists for urea, however, because the between-run imprecision (which assuming zero within-run imprecision sets a limit on betweenrun effects) is considerably less than £2 variance estimate.
The interpretation of twin studies in terms of genetic and environmental causes of differences is based on a number of assumptions, notably that twins are representative of the total population and that the environmental similarity of MZ and DZ pairs is the same. For these variables these assumptions seem reasonable, and the first is supported in that the means and ranges of all the results are close to thpse expected for the general population.
The only previous similar study concluded that genetic variability played a role in controlling glucose, urea, uric acid and bilirubin.f We are unable to present results for glucose because some subjects were fasting and others were not; we disagree on the source of variation in urea, but agree that there is genetic variation for bilirubin. Uric acid shows genetic effects, complicated by the effects of alcohol consumption, and these results will be published separately.
Many of the other results of Havlik et al.5 could not be interpreted because of differences in either means or variances between the MZ and DZ pairs, but we did not encounter this problem in our sample, even before the exclusion of extreme results as described above. Some of the differences between their results and ours would be due to the greater age of their subjects (42-56 years).
To summarise, we agree with others that many biochemical variables show a smaller range of variation within each person than between people, and we have found that for many variables the repeatable variation between the individuals is partly under genetic control.
